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2. Materials and experimental details 
Two ferritic steels were studied after standard austenization and tempering heat treatments. The 
compositions of the steels are shown in Table 1.   TEM sample preparation was carried out using a Tenupol 
twin-jet polishing machine with a 5% perchloric acid electrolyte in ethanol.  TEM examination was carried out 
using a JEOL 2010 transmission electron microscope. Creep tests were carried out under constant load.  
Table 1. Compositions of ferritic steels 
 Cr C Mn Si Nb Mo Ni V W B N Co 
Steel 1 9.32 0.13 0.82 0.05 0.05 1.47 0.16 0.2 0 0.009 0.019 0.96 
Steel 2 10.39 0.12 0.45 0.1 0.045 1.06 0.74 0.18 0.81 0 0.05 0 
3. Microstructural features controlling creep 
3.1. MX 
Examination of multiple 9% Cr steels and even low alloy steels such as CrMoV has revealed the presence of 
platelet shaped nano-scale V-rich particles (Fig. 1). While observation of these particles is challenging in some 
cases, they appear to be present in all the creep resistant ferritic/bainitic steels and contribute to long-term 
stability. In some cases the particles can be examined using a thin-foil in a TEM when the sample is viewed 
along the <001> direction. This is because sufficient mass contrast is obtained only in this orientation. On other 
cases, the particles are invisible during thin-foil examination and are observable only when extracted and 
viewed on a copper grid.  The key indicator of whether an obstacle is rate controlling is the spacing between 
individual units of the obstacle.  Such a spacing can be estimated from the following expression, due to Kelly 
[6] 
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where nA is the area density of particles (nA = f/Dt) and L is length of the line that the particle forms upon 
interception with the slip plane 
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, where D is the diameter of the disk shaped particle. With D = 
7nm, t~1nm and f~0.1% (determined from SANS analyses), a spacing of 79nm is obtained which is in the range 
that would contribute significantly to creep strengthening.  Micrographs such as the one shown in Fig. 1 also 
indicate that the particles are spaced by about the distance calculated theoretically. 
 
 
Fig. 1. V-rich particles in Steel 1, oriented along orthogonal directions. Beam is parallel to <100> zone axis. 
VN particles
20nm
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Coarsening behavior of the MX particles was characterized by measuring the diameters of these particles 
from creep rupture samples that had seen various extents of high temperature exposure.  A minimum of 200 
particles was measured for each test condition.  In the case of Steel 1, a unimodal log-normal distribution of 
sizes was obtained for each test condition and each distribution was characterized by a mean value (mean of the 
underlying normal). Plots of the mean size as a function of time in Steel 1 for various conditions, are shown in 
Fig. 2.  Assuming the Ostwald ripening law for the coarsening of the particles 
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the activation energies and pre-exponential factors for MX coarsening in the 2 materials were determined to be 
as follows: Steel 1 – QP = 286.8KJ/mol , KP = 6.8x10-17 m3/s; Steel 2 - QP= 271.9KJ/mol , KP = 6.02x10-16 m3/s.  
These numbers indicate that MX particles in Steel 2 coarsen faster than those in Steel 1which will necessarily 
have an impact on the long-term creep behavior. A damage parameter Dp=1-Pi/P is defined such that the 
Ostwald ripening law is now written as 
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Fig. 2. (a) Mean MX diameters for Steel 1 as a function of time at various temperatures  and (b) Plot of KP vs. 1/RT for determination of 
activation energy. 
3.2. Subgrains and blocks  
Subgrain boundaries bow between M23C6 particles and generate a back-stress. The mechanics of this process 
has been elucidated by Argon and Takeuchi [7] and this approach is more intuitively appealing than the one of 
considering subgrain interiors and their walls as soft and hard regions respectively. Argon and Takeuchi’s 
expression for back-stress can be modified for the case of subgrains in ferritic steels to give the following 
expression  
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where δ is the inter-carbide (M23C6) spacing on the sub-grain boundaries, θ is the average misorientation in 
radians between adjacent, b is the Burger’s vector, S is the average width of the subgrains, and ν is the 
Poisson’s ratio.  Back stresses generated from high angle block boundaries also need to be taken into account to 
explain the creep strength of the ferritic steels, especially in the short term. Block boundaries could generate 
this stress through geometrically necessary dislocations that accommodate strain mismatch between adjacent 
blocks [8].  The back-stress generated by block boundaries is inversely proportional to the square root of the 
block width, bearing similarity to a Hall-Petch type relationship. The total back-stress generated by subgrains 
and blocks can then be related in an approximate way to the widths of the subgrains and blocks S and B as 
follows.  
S
S
B
σ
σ ∝
, 
B
B
B
σ
σ ∝
 
 (4) 
Hence the total back-stress can be written as  
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With the following typical values for the parameters, δ ~150nm, θ ~2o, b = 0.25nm, S = 266nm, we obtain 
K′ to be about 0.28 for Steel 1 which is in the range reported for creep resistant materials (ranging from 0.3 to 
0.6) [8]).  Lack of knowledge of K″ precludes an estimate of K″/√B. But it is reasonable to assume that the 
latter would have a value in the same range.  For the purposes of the current study a value of 0.45 was fixed for 
H* for Steel 1.  Once this was done, it was possible to calculate K″ (3.34 x 10-4) using Eq. 8 and subsequently 
use this value to calculate H* for other similar materials like Steel 2 whose subgrain and block widths are 
known. Using this methodology a value of 0.43 is obtained for Steel 2.  Clearly, this parameter is not very 
sensitive to material chemistry and hence a reasonable estimate should suffice for input into the final model 
(0.45 was used for used for all the materials considered in this study).  
The growth of subgrains with strain and its dependence on temperature was characterized and the following 
equation was used to represent subgrain growth  
[ ]( )RTQKKS SSS −+= exp21ε
  (8) 
where S  is the subgrain growth rate, KS1 and KS2 are the coefficients corresponding to the temperature 
independent and temperature dependent parts of subgrain growth, QS is the activation energy and ε is the strain 
rate.   Activation energies for subgrain growth in Steel 1 and Steel 2 were determined to be 303 kJ/mol and 288 
kJ/mol. These numbers are close to that for self-diffusion in the solid solution strengthened iron matrix, lending 
credence to the measurements. 
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4. Continuum damage mechanics (CDM) model  
The basic equation used in the CDM model is as follows: 
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where QC is the activation energy for creep, σ is the applied stress, σB is the back-stress, σo is a reference stress 
related to the activation volume.  The effects of the microstructure are incorporated into this basic equation in 
order to arrive at the final model for creep strain.  
The back stress generated by bowing subgrain boundaries is assumed to be instantaneous and σH* is 
subtracted from the applied stress. H* is a factor that determines the maximum back-stress that can be 
generated. Since subgrains migrate and annihilate themselves during creep, a damage factor (1-Ds) is associated 
with the back-stress.  The increase in spacing of the rate-controlling obstacle, namely MX, leads to increase in 
the activation volume. A damage factor (1-DP) is associated with the reference stress σo.  Primary creep is 
assumed to arise from evolution of the initial dislocation structure which in turn determines the initial value of 
the reference stress σo.  
The final CDM equation set then is   
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K1 and K2 in Eq. 10b refer to the hardening and softening contributions in the evolution of dislocation density. 
Detailed derivations of the damage equations can be obtained from [9]. Values of the parameters in the model 
for the two steels studied here are shown in Table 2.  
4.1. Model predictions 
Creep strain vs. time curves predicted using the current model are shown in Fig. 3.  Data on a rupture plot 
are also predicted very well by the current model as can be seen from Fig. 4. The LMP extrapolation based on 
data from less than 10000 hours is overly optimistic in the long term. CDM accurately captures the rupture 
behavior up to about 30000 hours over which data is available and further extrapolation up to 100 MPa 
indicates that the material would be significantly weaker than what LMP would predict. Fig 8a shows a plot of 
applied stress vs. rupture life where time is plotted on an LMP scale (LMP = T(log[t]+C), where T is the 
temperature in Kelvin, t is the rupture time in hours and C is a constant (taken to be 25)). Data from each 
temperature is plotted with a different marker.  The CDM predictions of creep rupture are overlaid on the same 
plot and is seen that the supposed ‘scatter’ in the data is due to the weakening of the material at longer times 
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and higher temperatures. This weakening is attributable purely to the coarsening of the MX carbonitrides which 
is a key element of the new model.  
The current model deals only with the coarsening of MX particles and their detrimental effect on creep 
response. The phenomenon of MX dissolution leading to precipitation of the Z-phase is not accounted for. 
Precipitation of Z-phase is known to be a very complex phenomenon and there are currently no models that 
describe its kinetics. When such kinetics are developed they can be incorporated into the current CDM equation 
set in order to predict the long-term performance.  
Table 2. CDM parameters for the 2 materials studied – Steel 1 and Steel 2. 
Parameter Units Steel 1 Steel 2 
1/s 1.15x107 7.74x106 
K1 MPa 7.14x103 5.88x103 
K2 MPa 11.7 11.5 
H* None 0.45 0.45 
Qc kJ/mol 360 360 
Qp kJ/mol 286.8 272.0 
QS kJ/mol 303 288 
Kp m3/s 5x10-17 3.6x10-16 
KS1 M/s 3.9x10-6 4.36x10-6 
KS2 m/s 7.7x1012 2.88x1012 
Pi nm 3.75 8.95 
Si nm 266 249 
 
 
Fig. 3. Comparison of experimental and CDM predictions of creep curves for Steel 1.  
The experimental creep curve shown here was not used in any parameter optimization procedure. 
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Fig. 4. Plot showing the ability of the equations to represent rupture data over a wide range of temperatures, essentially reflecting the use of 
correct activation energies.  It is also seen that LMP predictions of rupture lives (based on parameters determined from <10000hours data) 
are overly optimistic. 
 
Fig. 5. Rupture data plotted such that temperatures are distinguished along with CDM predictions. It is seen that what appears to be data 
scatter is partly explained by weakening of the material at longer times and higher temperatures. The CDM predictions are able to 
reproduce these trends. 
5. Summary 
A new model for creep of ferritic steels has been presented in this article. It is shown that when coarsening is 
accounted for in the model, it is able to predict the long term degradation of these materials.  Subgrain growth 
is shown to lead to mostly strain dependent weakening which again is incorporated into the final equation set. 
The overall creep behavior of two different materials over a few tens of thousands of hours is predicted well 
when only these two microstructural features are taken into account.  
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